Escherichia coli is a commensal resident of the intestine as well as a pathogen causing various diseases of humans and animals (7, 28) . E. coli strains can be grouped into three major categories: diarrheagenic E. coli, commensal E. coli, and extraintestinal pathogenic E. coli (ExPEC) (28, 54) . Diarrheagenic E. coli strains cause different types of diarrheal diseases and are among the most important enteric bacterial pathogens (34) . Commensal E. coli strains are members of the normal intestinal flora of humans, other mammals, and birds (7, 54) . Certain commensal intestinal isolates are capable of causing infections in extraintestinal tissues, and these pathogenic strains have been collectively termed ExPEC (55) . Among ExPEC, uropathogenic E. coli (UPEC) is the most common cause of human urinary tract infections (UTIs) (32, 54) . Avian pathogenic E. coli (APEC) strains share some virulence traits with ExPEC strains from human infections and are associated with extraintestinal infections of poultry, such as airsacculitis, pericarditis, cellulitis, and septicemia (7, 51, 52) . The ECOR collection comprises 72 E. coli strains isolated from humans and other mammals from diverse geographic areas, and represents some of the clonal diversity of E. coli (39) . Phylogenetic analyses based on the ECOR collection have classified E. coli into four major clonal groups: A, B1, B2, and D (22, 39) .
ExPEC strains commonly belong to phylogenetic group B2 and contain numerous virulence determinants implicated in extraintestinal infections (12, 47) . In addition, some ExPEC strains belong to phylogenetic group D and generally contain less of the characteristic virulence factors associated with ExPEC strains belonging to group B2 (12, 47) . Strains from groups B1 and A are rarely associated with extraintestinal infections, and these groups commonly contain commensal strains (12, 47) . Although certain diarrheagenic E. coli pathotypes belong to restricted clonal groups, globally, in contrast to ExPEC, diarrheagenic E. coli strains are more phylogenetically dispersed and can belong to any of the E. coli phylogenetic groups (12) .
Autotransporters are a family of secreted proteins from gram-negative bacteria that direct their own secretion across the outer membrane (this secretion mechanism has also been described as type V secretion) (11, 20) . Autotransporters all possess the same general structure, comprised of three domains: an amino-terminal leader peptide (which initiates transport of the precursor across the inner membrane), an ␣ or passenger domain (which confers the function of the secreted protein) and a carboxy-terminal domain (the ␤ domain) that mediates secretion through the outer membrane (20) . The passenger domain can either be released at the surface of the outer membrane or remain associated with the bacterial cell surface (20) . The autotransporter family comprises a number of putative virulence factors that function as cytotoxins, enterotoxins, immunoglobin proteases, mucinases, heme binding proteins, and adhesins in E. coli and other gram-negative bacteria (11, 20) . The serine protease autotransporters of Enterobacte-riaceae (SPATEs) include adhesins, toxins, and proteases that can contribute to the virulence of different E. coli pathotypes (42) . No SPATEs are present in E. coli K-12 strains, and with the exception of the nearly identical eaaA and eaaC genes (hereafter described as eaa) (56) , SPATE-encoding genes have not been specifically identified in nonpathogenic E. coli (20) . Currently, with the exception of vat and pic (41, 42) , the specific distribution of SPATE-encoding genes among a diversity of E. coli isolates has not been investigated.
In addition to SPATEs, other autotransporters identified in E. coli include AIDA-I and antigen 43 (Ag43). AIDA-I and Ag43 are autotransporters that undergo glycosylation by heptosyl transferases, and this glycosylation affects the capacity of these autotransporters to mediate adherence to eukaryotic cells (59, 60) . In addition, both AIDA-I and Ag43 contribute to bacterial intercellular aggregation and biofilm formation (6, 57, 60) . AIDA-I was originally identified in diffusely adhering diarrheagenic E. coli strains and is also produced by some E. coli strains associated with edema disease and diarrhea in pigs (2, 36) . Ag43 is a common phase-variable surface protein on many E. coli strains, and it is encoded by the flu (agn43) gene in E. coli K-12 (6, 8, 21) . Ag43 is a highly expressed protein and can be present in numerous chromosomal copies in certain strains, and at least five allelic variants have been identified among E. coli strains (29, 50) .
Most of the characterized autotransporters were initially identified in pathogenic E. coli strains, and with the exception of antigen 43, autotransporters are absent from E. coli K-12 strains. Despite being associated with certain pathotypes of E. coli, the presence of specific autotransporter sequences has not been extensively investigated among E. coli strains belonging to different phylogenetic groups or pathotypes. The major objectives of this study were to (i) establish a multiplex PCR assay specific for different autotransporter sequences, including 11 different SPATEs and 2 other autotransporters, Ag43 (including five allelic variants) and AIDA-1; (ii) evaluate the presence of these autotransporter sequences among E. coli strains from different sources or categories, including the ECOR collection, diarrheagenic E. coli, ExPEC, and APEC; and (iii) determine if there were differences in the incidence of autotransporter genes among E. coli strains based on the origins of the isolates and/or phylogenetic relationships.
MATERIALS AND METHODS
Bacterial strains and sample preparation. The ECOR collection comprises 72 strains, including 61 fecal isolates from mammals, 10 UTI isolates, and 1 asymptomatic bacteriuria isolate (39 (10) . Strains were stored at Ϫ80°C in 20% glycerol following overnight culture in tryptic soy broth. Strains were cultured on Luria-Bertani (LB) agar plates to isolate colonies. Overnight cultures grown at 37°C in LB broth were then used to obtain DNA samples for PCR assays. Bacterial DNA samples were obtained by alkaline lysis. Briefly, 125 l of an overnight culture was centrifuged and the medium was removed from the pellet. The cells were suspended in 25 l of 0.5 N NaOH and incubated at room temperature for 5 min. A 25-l volume of 1 M Tris buffer (pH 7.5) was added to neutralize the pH, and 450 l of water was then added to each sample. All lysates were conserved at Ϫ20°C.
The phylogenetic group (A, B1, B2, and D) of the strains was either previously known by multilocus enzyme electrophoresis (39) or determined by a triplex PCR method which uses phylogenetic group-specific primers for two genes (chuA and yjaA) and an anonymous DNA fragment (tspE4C2) coupled with a dichotomous decision tree (5) . Samples that were positive for chuA and yjaA were classed as group B2. Samples testing positive for chuA and negative for yjaA were classed as group D. Samples testing negative for chuA and positive for tspE4C2 were classed as group B1, whereas samples testing negative for chuA and tspE4C2 were classed as group A.
Primer and assay design. Primers for detecting the presence of sequences encoding 11 SPATEs (Tsh, Vat, Sat, Pic [PicU], SigA, SepA, EspP [PssA], EspC, Pet, Eaa, and EatA) and 2 other E. coli autotransporters (Ag43 and AIDA-I) were designed and validated. In addition, we also determined the presence of sequences encoding five known variants of Ag43: K12 (flu), RS218, EDL933 (also called Cah [63] ), CFT073a, and CFT073b. The primers, the sequences they were derived from, and positive control strains used for PCRs are presented in Table 1 . Primers were designed and verified for specificity by comparative sequence analysis using sequence databases, including GenBank (http://www.ncbi .nlm.nih.gov/) and coliBASE, an online database for comparative genomics of E. coli and related enterobacteria (http://colibase.bham.ac.uk/) (4). The specificity of each of the primers and their predicted amplification products was also verified by comparative genomics/bioinformatics analysis against nucleotide sequence databases to confirm that each primer set was specific only for the given autotransporter sequence and exhibited low identity to any other autotransporter sequences. The primers were designed to have similar melting temperatures (60 to 64°C) and to amplify products of various sizes to permit the use of mixtures of primer pairs and simultaneous detection of different PCR products in multiplex reactions. A number of different alleles encoding variants of Ag43 have been described among E. coli strains (29) . For analysis of sequences encoding five different variants of agn43, primer pairs specific to five distinct alleles were developed. agn43 allele-specific primers targeted distinct sequences in the variable 5Ј region of the five different alleles, whereas the generic primers for agn43 targeted a 3Ј region which is conserved among all allelic variants. The positive controls were as follows: agn43K12 (E. coli MG1655), agn43RS218 (E. coli RS218), agn43aCFT073 and agn43bCFT073 (E. coli CFT073), and agn43EDL933 (E. coli EDL933). The specificity of each of these primer pairs was confirmed by its failure to amplify products from control strains known to possess the other agn43 allelic variants. In addition, the strains used for detection of the five specific agn43 alleles were used as positive controls for testing a conserved agn43 primer pair designed to amplify all known copies of agn43 alleles. For all primer sets, with the exception of agn43 and agn43K12, E. coli K-12 strain MG1655 was used as the negative control. For the multiplex PCR assays, six sets of multiplex reactions using three different primer pairs each were used to screen samples. Specific multiplex sets targeting the different autotransporter sequences were as follows: M1 comprised tsh, vat, and sat; M2 comprised espP, sigA, and sepA; M3 comprised espC, agn43, and eatA; M4 comprised pet, aida-I, and eaa; M5 comprised agn43K12, pic, and agn43EDL933; and M6 comprised agn43RS218, agn43aCFT073, and agn43bCFT073. Each multiplex set was then tested, and the PCR conditions were adjusted to yield optimal simultaneous amplification of each of the target products.
Multiplex PCR conditions. Amplification reactions were done in a 50-l volume. PCR assays were done using either 1-l samples of purified genomic DNA resuspended in 9 l of Tris buffer (pH 7.4) or 10-l samples from crude bacterial cell lysates as the template DNA, 0.2 mM of deoxynucleoside triphosphates (dNTPs) (Invitrogen), various concentrations of each primer set (Table 1) , and 1 U of Taq DNA polymerase (New England Biolabs) in 1ϫ Thermopol reaction buffer (NEB). Reactions were performed in an automated thermal cycler (MasterCycler; Eppendorf). The reaction mixture was heated to 95°C for 1 min as a hot start. This was followed by 30 cycles of denaturing (95°C for 1 min), annealing (58°C for 1 min), and extension (72°C for 1 min, 20 s) and a final extension (72°C for 10 min). The samples were then electrophoresed in 1% agarose gels, stained with ethidium bromide, and visualized with a UV transilluminator and a Chemigenius 2 bioimaging system (Syngene). Southern blot. Probes were synthesized with the PCR digoxigenin-labeling mix (Roche, Mannheim, Germany) in a 100-l reaction mixture containing 1 l of template DNA, 0.12 mM of dNTP PCR digoxigenin-labeling mix, 0.08 mM of dNTPs (Invitrogen), 0.25 M of each primer, and 2 units of Taq DNA polymerase (NEB) in 1ϫ Thermopol reaction buffer (NEB). The reactions were performed as described for the multiplex PCR conditions. Total bacterial genomic 1554 RESTIERI ET AL. APPL. ENVIRON. MICROBIOL.
DNA was prepared using a standard protocol (1). Restriction enzymes (HindIII and BamHI from Promega) were used according to the manufacturer's guidelines. Digested genomic DNA was electrophoresed in a 0.7% agarose gel. Native plasmids were isolated as described by Kado and Liu (27) and separated by pulsed-field gel electrophoresis. After electrophoresis, digested genomic DNA and plasmids were transferred to positively charged nylon membranes (Roche, Mannheim, Germany) by capillary transfer and probes were hybridized according to the Roche Applied Science DIG Application Manual for Filter Hybridization (50a). Chemiluminescent detection was performed using CDP-Star reagent (Roche, Mannheim, Germany) according to the manufacturer's guidelines. The light emission signal was captured and analyzed with a Chemigenius 2 bioimaging system (Syngene).
Statistical analyses. Statistical analyses were performed with the Prism version 4.0 software package (GraphPad Software, Inc) using a two-tailed Fisher's exact test. A cluster analysis of the isolates was performed using the between-groups linkage method (version 12.0; SPSS, Inc.).
RESULTS

Validation of multiplex PCR assays.
The validation of the primer sets and optimization of the primer concentrations used for the assays were done using positive and negative amplification controls (presented in Table 1 ). Following optimization of the conditions for the assay, all primers used in the six different multiplex reaction sets amplified specific products of the expected sizes ( Fig. 1) . Each of the amplified products was sequenced, and each corresponded to the expected product. In addition, no nonspecific bands were visualized with any of the control strains used.
Distribution of autotransporters among the ECOR collection. To investigate whether the distribution of specific auto- transporter sequences was associated with certain phylogenetic groups, we screened strains belonging to the ECOR collection (Fig. 2) . The results indicated that certain autotransporter sequences were more common among particular clonal groups than among others. Most notably, vat sequences were present in all of the B2 group strains, with the exception of strain ECOR-65, and were found in only two non-B2 strains (ECOR-13 and ECOR-40). In addition, sat sequences were present in one cluster of the D group strains and in one cluster of the B2 group strains, but were found in only two other strains, belonging to phylogenetic group A (ECOR-11 and ECOR-24). pic sequences were also present mostly among one cluster of six strains belonging to phylogenetic group B2. The only other SPATE-encoding sequence that was phylogenetically distributed was eaaA (eaaC), which was limited to four strains belonging to a cluster in phylogenetic group A. None of the strains in the ECOR collection was positive for amplification of pet-or aida-I-specific sequences. All other SPATEencoding sequences identified were absent from phylogenetic groups B2 and D, but were identified in at least one of the ECOR strains. Ag43-encoding sequences represented the most common autotransporter sequences identified among the ECOR collection. Forty-four of the ECOR strains (61.1%) contained agn43 sequences, as assessed by using the Ag43 primer set that amplifies all five allelic variants of agn43. The absence of agn43 alleles was mostly among clusters of strains belonging to phylogenetic group A or B1 (Fig. 2) . In addition, a cluster of four D group strains (ECOR-38 to ECOR-41) were agn43 negative. The agn43K12 (flu) allele was the most common agn43 allele among the ECOR strains and was present in 37 strains dispersed among the different phylogenetic groups. The agn43aCFT073 allele was identified in 12 strains, most of which belonged to phylogenetic group B2. The agn43bCFT073 allele was identified in only eight strains, which all belonged to phylogenetic group B2. The agn43RS218 allele was identified in nine strains dispersed among phylogenetic groups but was ab- sent from strains belonging to phylogenetic group D. The agn43EDL933 allele was present only in strain ECOR-37. In addition, three strains, all of which belong to phylogenetic group A, were positive for the presence of agn43 sequences by amplification using the Ag43 "universal" primers, but were negative for amplification using any of the allelic-variant-specific primers. Two or more agn43 allelic variants were present in 20 ECOR strains (Fig. 2) , and the presence of multiple agn43 alleles was significantly associated with strains belonging to phylogenetic group B2 when compared to strains that belonged to other phylogenetic groups (P ϭ 0.0034).
Within the ECOR collection, 11 strains are urinary tract isolates, and the remaining 61 strains are commensal fecal isolates from humans (29 strains) and other mammals (32 strains). When the distribution of different autotransporter sequences among the UTI isolates and human fecal isolates of the ECOR collection was examined, the only autotransporter sequence that was significantly associated with the UTI isolates compared to the human fecal isolates was agn43K12 (P Ͻ 0.01). Specifically, 10 of 11 (91%) of the urinary tract isolates contained agn43K12 sequences, whereas only 11 of the 29 (45%) human fecal isolates contained agn43K12 sequences.
Distribution of autotransporter sequences among E. coli isolates from commensal and clinical sources. To more extensively investigate the specific presence of autotransporter genes among a diversity of E. coli isolates, the distributions of autotransporter sequences among commensal isolates from the ECOR collection, clinical isolates from human urinary tract infections or urosepsis cases, diarrheagenic E. coli strains, and APEC strains were assessed and compared. The distribution of autotransporter genes by source indicated the association of particular autotransporter genes with certain groups of clinical isolates, and none of the autotransporter sequences tested were specifically associated with commensal strains when compared to the clinical source groups comprised of clinical isolates (Tables 2 and 3) .
In UTI isolates, the SPATE sequences vat, sat, and pic and the agn43 sequences agn43 (generic), agn43K12, agn43aCFT073, and agn43bCFT073 were significantly associated ( Table 2) . Specifically, vat was associated with UTI isolates compared to commensal or diarrheagenic E. coli strains (P Ͻ 0.004), sat was associated with UTI isolates compared to all other groups (P Ͻ 0.001), and pic was associated with UTI isolates compared to diarrheagenic E. coli strains (P Ͻ 0.01). The most common (58) 43 (13) 5 (2) 4 (1) 1 (0) a For each of the source groups, association of a sequence with a single phylogenetic group compared to each of the other phylogenetic groups is indicated as follows: *, P Ͻ 0.05; ¶, P Ͻ 0.005; and §, P Ͻ 0.0005. The number of strains containing sequences encoding other autotransporters was too low to perform statistical analyses.
b tsh was associated with APEC isolates compared to UTI, commensal, or diarrheagenic E. coli strains (P Ͻ 0.0001). c vat was associated with UTI isolates (P Ͻ 0.004) and APEC strains (P Ͻ 0.03) compared to commensal or diarrheagenic E. coli strains. d sat was associated with UTI isolates compared to APEC, commensal, or diarrheagenic E. coli strains (P Ͻ 0.0001). e pic was associated with UTI isolates compared to diarrheagenic E. coli strains (P Ͻ 0.01). f agn43 and agn43K12 were associated with UTI isolates compared to APEC or commensal E. coli strains (P Ͻ 0.0001). g agn43aCFT073 was associated with UTI isolates compared to APEC or diarrheagenic E. coli strains (P Ͻ 0.002). h agn43bCFT073 was associated with UTI and commensal strains compared to APEC strains (P Ͻ 0.002).
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on February 21, 2013 by PENN STATE UNIV http://aem.asm.org/ Downloaded from SPATE-encoding sequence identified among the UTI isolates was sat, which was present in 56% of UTI isolates tested. Sequences specific to vat and pic were present in 42% and 21% of UTI isolates, respectively. agn43 and agn43K12 sequences were associated with UTI isolates compared to APEC or commensal E. coli strains (P Ͻ 0.0001). agn43aCFT073 was associated with UTI isolates compared to APEC or diarrheagenic E. coli strains (P Ͻ 0.002), and agn43bCFT073 was associated with UTI compared to APEC strains (P Ͻ 0.002) ( Table 2) . In APEC isolates, the SPATE sequences tsh and vat were significantly associated. The tsh-specific sequence was significantly associated with APEC strains (P Ͻ 0.0001) compared to all other groups, and was present in 50% of APEC isolates (Table 2) . vat sequences were also associated with APEC compared to commensal or diarrheagenic E. coli strains (P Ͻ 0.03). Notably, compared to UTI isolates, which commonly contained sat sequences, none of the APEC isolates were positive for sat (Table 2) . Among the APEC strains tested, 295 isolates were previously classed for virulence based on lethality for 1-day-old chickens (10). The presence of autotransporter genes among APEC strains belonging to different lethality classes demonstrated that tsh and vat sequences were highly associated with high-virulence lethality class 1 (LC1) isolates. In addition, agn43 and the specific agn43K12 allele were associated with LC1 and moderately virulent LC2 APEC strains compared to isolates of low virulence (LC3) (Fig. 3) .
In diarrheagenic E. coli, the SPATE sequences sepA, espC, and espP, generic agn43 sequences, and the agn43RS218 and agn43EDL933 alleles were associated (Table 3) . Specifically, espC and espP were associated with diarrheagenic E. coli strains compared to APEC or UTI isolates (P Ͻ 0.05), whereas sepA was associated with diarrheagenic E. coli strains compared to all other source groups (P Ͻ 0.005) ( Table 3) . agn43 generic sequences were associated with diarrheagenic E. coli strains compared to APEC or commensal strains (P Ͻ 0.02), whereas agn43RS218 and agn43EDL933 sequences were associated with diarrheagenic E. coli strains compared to all other source groups (P Ͻ 0.005). (Table 3) . Among diarrheagenic E. coli strains, the agn43EDL933 allele was mostly present in EHEC strains (Table 3) and was almost exclusive to diarrheagenic isolates. Among all clinical isolates, Ag43-encoding sequences represented the most common autotransporter sequence identified. The presence of agn43 sequences was most common among UTI isolates (94%), high among diarrheagenic E. coli strains (91%), and less common among APEC isolates (66%) ( Tables  2 and 3) . By contrast, 56% of the commensal fecal isolates contained agn43 sequences ( Table 2 ). The agn43K12 (flu) allele was the most common allelic variant among isolates for each of the different groups of E. coli strains tested (Tables 2  and 3 ). Among clinical isolates, 25 strains, most of them classed in phylogenetic group A or B1, were positive for the presence of agn43 sequences by amplification using the Ag43 "universal" primers but were negative for amplification using any of the allelic-variant-specific primers.
In the results for all clinical isolates tested, in addition to data presented in Tables 2 and 3 , four APEC isolates were sigA positive, one APEC isolate was positive for the presence of aida-I, one diarrheagenic strain was positive for eatA, and no clinical isolates were positive for amplification of pet-or eaaAspecific sequences.
Phylogenetic associations of autotransporter sequences among E. coli strains from different sources. The analysis of strains belonging to the ECOR collection for the distribution of autotransporter sequences suggested a possible association of certain autotransporters with particular phylogenetic groups (Fig. 2) . The analysis of commensal, urinary tract, and APEC isolates classified by phylogenetic group further illustrated the phylogenetic associations of some autotransporter sequences in E. coli isolates ( Table 2) . Among commensal, APEC, and UTI isolates, vat sequences were always highly associated with strains belonging to phylogenetic group B2. In contrast to the results for commensal and urinary tract isolates, vat sequences were also identified in 39% of APEC isolates that were classed as phylogenetic group D (Table 2 ). For the commensal strains and urinary tract isolates, pic sequences were more prevalent among phylogenetic group B2 (Table 2 ). For both commensal strains and urinary tract isolates, sat sequences were associated with phylogenetic group B2. By contrast, the tsh sequences were dispersed among different phylogenetic groups of APEC strains ( Table 2) . Among commensal strains, the agn43 allele in general was associated with strains belonging to phylogenetic group B2 (Table 2 ). However, agn43 was not specifically associated with a particular phylogenetic group among urinary tract or APEC isolates. The agn43 allelic variants agn43bCFT073 and agn43aCFT073 were more prevalent among commensal strains and urinary tract isolates from phylogenetic group B2 (Table 2) . Among APEC strains, no specific agn43 allelic variants were associated with strains belonging to particular phylogenetic groups.
Genomic locations of vat and tsh sequences among avian pathogenic E. coli strains. Tsh and Vat are two closely related SPATEs that were originally identified in APEC (44, 48) . These proteins share 78% identity at the amino acid level and have regions of high nucleotide identity. Thus far, tsh has been characterized as a plasmid-encoded SPATE in either APEC or human isolates (10, 26, 40) . By contrast, vat is present on genomic islands in human UTI (9, 63) and APEC (44) isolates. Within the ECOR collection, which contains E. coli strains isolated from humans and other mammals, and among E. coli urinary tract isolates, vat sequences are associated predominantly with strains belonging to phylogenetic group B2 (Fig. 2 and Table 2 ) (42). However, in contrast to E. coli isolates from mammals, APEC strains classed as phylogenetic group D also commonly contained vat sequences. The localization of both vat-and tsh-specific sequences to either chromosomal or episomal locations in APEC strains was assessed to determine if there were any differences in the localization of these SPATE genes in APEC strains from different phylogenetic backgrounds. Regardless of phylogenetic group, among all APEC strains tested, tsh-hybridizing sequences were always associated with plasmids, whereas vat-hybridizing sequences never hybridized to plasmid DNA, but hybridized to total genomic DNA (see the supplemental material).
DISCUSSION
The development of a multiplex PCR assay permitted us to evaluate the presence of 13 specific autotransporter sequences in E. coli strains. Our results demonstrate that the presence of autotransporter sequences among E. coli strains is associated with certain phylogenetic groups and/or pathotypes (Tables 2  and 3 ). The most common autotransporter sequence we identified among the strains was agn43. The presence of agn43 is thought to be well conserved in E. coli, and various studies have shown that some clinical isolates possess several copies of this gene (29, 50) . agn43 sequences were widely distributed among both commensal and pathogenic strains belonging to different phylogenetic groups. However, agn43 sequences were present in only 56% of the commensal isolates from the ECOR collection (Table 2) . By contrast, agn43 sequences were present in over 90% of the urinary tract isolates as well as the diarrheagenic E. coli strains tested. These results suggest a higher prevalence of agn43 sequences in pathogenic E. coli strains than in commensal E. coli strains. Of further note, pathogenic strains commonly contained multiple allelic variants of agn43 sequences. Different agn43 alleles confer distinct surface properties to E. coli, such as increased adherence to host cells or increased intercellular aggregation and biofilm production (29, 59) . It may therefore be beneficial for pathogenic E. coli to express different variants of Ag43 to provide more-adaptive advantages for colonization and survival during infection of the host or persistence in other environments.
Since antigen 43 is present in E. coli K-12, and a number of allelic variants encoding this surface protein have been identified among different E. coli strains (29, 50) , it is not surprising that agn43 sequences are widely distributed among a diversity of E. coli strains. The agn43K12 variant was the most common allele and was distributed among all phylogenetic groups. By contrast, other allelic variants were less common and some were restricted to specific phylogenetic groups. The agn43bCFT073 allele was identified only in phylogenetic group B2 strains among the ECOR collection and UTI isolates (Table 2). Further, the agn43EDL933 allele was almost exclusive to diarrheagenic E. coli strains ( (12) and it has been postulated that EHEC evolved from an O55:H7 enteropathogenic E. coli strain (14) . Therefore, the presence of certain agn43 allelic variants, such as agn43EDL933 and agn43bCFT073, may be phylogenetically restricted and of epidemiological value for determining phylogenetic relationships among E. coli strains.
The presence of SPATE-encoding sequences in E. coli strains was also associated with certain phylogenetic groups and/or pathotypes. Interestingly, only vat, sat, and pic sequences, and none of the other SPATE-encoding sequences, were identified among all of the strains belonging to phylogenetic group B2 or D of the ECOR collection. In addition, the presence of eaaA (eaaC) sequences was specific to a cluster of strains from phylogenetic group A. EaaA was originally identified in human commensal fecal strain ECOR-9 (56) . eaaA appears to be the only SPATE-encoding sequence identified that is specifically associated with human commensal isolates, as all four ECOR strains containing eaaA sequences were human commensal fecal isolates, and none of the tested isolates from clinical cases in humans or poultry contained eaaA sequences.
Our results are globally in accordance with those of Parham et al. (42) . By using degenerate primers designed to target conserved regions encoding the ␤ domains from various SPATEs, Parham et al. (42) determined that SPATE sequences were present mainly in strains belonging to phylogenetic groups B2 and D, as well as one cluster of strains from phylogenetic group A (42). By using multiplex PCR detection of specific SPATE genes, we have extended these studies to determine which specific SPATE sequences are present among strains of the ECOR collection. Some discrepancies were observed between our results and those of Parham et al. (42) . By using specific primers, we identified SPATE sequences in 38 of the 72 ECOR strains compared to 29 SPATE-positive strains identified by Parham et al. (42) . These differences may be due to a greater specificity of detection from use of the genespecific primers than the degenerate primers or, in some cases, may be the result of nucleotide differences or the presence of partial or disrupted genes that would cause conflicting results.
The results globally suggest a pathotype-specific distribution of certain SPATEs among the E. coli strains tested. Indeed, pic, vat, and sat sequences have previously been shown to be associated with UTI isolates compared to commensal fecal isolates (16, 18, 42, 43) . However, based on our results, the increased presence of some SPATE sequences among human UTI isolates may, at least in part, be attributed to the phylogenetic background of the strains. In general, ExPEC isolates belong to group B2 or D (30, 47) , and most (87%) of the UTI isolates tested in our study belong to these phylogenetic groups (Table 2 ). In fact, no significant differences in the presence of sat, pic, or vat were found between UTI isolates belonging to group B2 or D compared with commensal isolates belonging to these same phylogenetic groups. Multivariate cluster analysis also indicated a similar combined presence of autotransporter genes among a subset of both clinical and commensal isolates that were classed as phylogenetic group B2. Among the B2 isolates, 24/37 (65%) UPEC isolates and 7/11 (63%) commensal isolates were clustered into this distinct group (data not shown). These data further support the idea that the phylogenetic origin of UTI isolates, the majority of which belong to group B2, may at least in part explain a greater prevalence of certain autotransporter genes in ExPEC isolates than in commensal isolates which belong to a more phylogenetically diverse population. In addition to being identified among UTI isolates, pic and sat are also present in certain diarrheagenic E. coli pathotypes or Shigella spp. Pic is prevalent among enteroaggregative E. coli (62) and in Shigella flexneri 2a (38) . Sat, in addition to being associated with UTI isolates, is also present in some Shigella spp. (37, 53) and diarrheagenic E. coli (17, 61) . Hence, sat and pic appear to be more widely distributed among commensal E. coli strains and different pathotypes of E. coli and Shigella than some other SPATEs. However, the presence of sat and pic sequences among commensal fecal isolates also suggests that these SPATEs are not likely to play a major role in directly eliciting enteric disease by diarrheagenic pathotypes.
A probable explanation for the phylogenetic-or pathotypespecific distribution of some of the autotransporter sequences is the inheritance or conservation of these genes on genomic islands, prophages, or conjugative plasmids. Most of the autotransporter sequences are encoded on genomic islands, including vat (42, 44) , pic (19, 63) , sat (63) , espC (33) , and sigA (49) . Among all of the SPATE sequences, vat was clearly phylogenetically distributed, as nearly all strains classed as group B2, irrespective of their source, were vat positive. Similarly, Parham et al. also observed an almost exclusive association of vat with strains belonging to the ECOR B2 phylogenetic cluster (42) . vat genes are located on pathogenicity islands that are adjacent to the tRNA thrW gene and may have been acquired and retained by strains that comprise phylogenetic group B2. By contrast, other genes, such as espC, which is present on a genomic island in a subset of EPEC (33) , and eae sequences, which are associated with some Atlas prophages (56) , may have a limited distribution, as they may have been acquired or retained by only a limited group of strains. Other autotransporters, including tsh and sepA, are encoded on large conjugative virulence plasmids (3, 10, 26, 40) . Due to the increased genetic mobility of such plasmids, such sequences may have been more readily distributed among strains. This may explain, for instance, the similar distribution of tsh among APEC strains regardless of their phylogenetic group (Table 2) . However, even plasmid-encoded genes may be largely limited to certain groups or pathotypes of strains, due to incompatability and selective pressure for the retention of other plasmids, which may contribute to virulence or fitness.
Both tsh and vat were found to be associated with APEC strains of high virulence in a day-old-chicken infection model (Fig. 3) . This is in accordance with the roles of both of these SPATEs for virulence or the development of lesions in chickens (10, 44) . Unlike vat, the presence of tsh sequences was limited in UTI isolates and the ECOR collection but was common among APEC strains. In addition to the greater prevalence of tsh among APEC strains (Table 2) , it is also interesting to note the complete absence of sat sequences and low prevalence of agn43CFT073 alleles among APEC strains. Hence, despite the fact that some APEC strains share many characteristics with ExPEC strains associated with human dis-ease (51, 52), our results suggest that, in general, the APEC strains we tested also exhibit some traits that are distinct from those of E. coli UTI isolates. Similarly, unlike some common UTI pathotypes which contain genes coding for hemolysin (hly) and cytotoxic necrotizing factor (cnf1) (32) , APEC strains nearly always lack these traits (51) . It is important to note that some APEC and human UTI isolates shared the same serogroup and autotransporter gene profiles; notably, O1 or O2 strains lacked tsh but were vat ϩ , agn43K12 ϩ , and agn43RS218
ϩ . This is in accordance with other studies that have demonstrated a clonal relationship between APEC and human ExPEC strains. However, further characterization, such as multilocus sequence typing and more-expansive virulence gene typing, would be required to more firmly establish clonality between the APEC and UTI isolates in this study. Overall, the possibility that APEC strains are clonally related to human ExPEC and that APEC may be a transmissible source of E. coli strains that could cause urinary tract infection or other extraintestinal infections in humans is plausible in certain cases, but is only applicable to a limited subset of strains.
In summary, a multiplex PCR assay to screen for autotransporter genes in E. coli was developed and validated. With this method, we confirmed that autotransporter genes are phylogenetically and pathospecifically distributed among the 491 E. coli strains studied. These results are in accordance with the finding that, in E. coli, the presence of certain virulence genes is dependent on the genetic background and/or clinical origin of the strains (12) . In the current work, the analysis of strains focused on the ECOR collection and mostly extraintestinal isolates from human UTIs or avian extraintestinal disease. It would be of further interest to examine a set of phylogenetically characterized E. coli isolates belonging to different pathotypes of diarrheagenic E. coli to further determine the distribution of autotransporter genes among these E. coli pathotypes.
